Chemotaxis of Rhizobium leguminosarum biovar phaseoli RP8002 towards a range of carbohydrates, phenolic compounds and flavonoids was assayed. Xylose (peak response M) were strong chemoattractants amongst the carbohydrates, whilst glucose, fructose, galactose and maltose produced little or no detectable response. Of the monocyclic phenolic compounds, vanillyl alcohol, p-hydroxybenzoic acid (both peak responses M) and 3,4-dihydroxybenzoic acid (peak response 1 0-4 M) all evoked strong chemotactic responses. Amongst the nod-inducing flavonoids, apigenin and luteolin were both strong chemoattractants (peaks at M) while naringenin produced a very low response. Competition experiments suggest that apigenin and luteolin are recognized by a common receptor, but that there exists a separate receptor for luteolin alone. The inhibitors of nod-induction, umbelliferone and acetosyringone, both produced strong chemotactic responses, with peaks at loW3 M and M respectively. This evidence is indicative of a role for chemotaxis towards nod-inducing flavonoids in the initiation of root nodule formation by rhizobia, and also suggests that chemotaxis may influence the host range of the interaction.
INTRODUCTION
The formation of nitrogen-fixing nodules by Rhizobium upon legume roots is a complex and highly organized process. The nodulation (nod) functions are usually clustered on large (sym) plasmids in the microbial symbiont (Rossen et al., 1987) . Flavonoids in legume root exudates interact with the nodD product to effect induction of the other nod genes (Peters et al., 1986; Redmond et al., 1986; Firmin et al., 1986; Zaat et al., 1987; Horvath et al., 1987; Djordjevic et al., 1987; Kosslak et al., 1987) . The exact functions of the induced nod genes are unclear, although nodA, B and C are required for root hair curling and mutations in the other nod loci affect subsequent nodule formation (Rossen et al., 1987) .
A similar relationship exists between Agrobacterium tumefaciens and susceptible plants. Wound exuded phenolic compounds, e.g. acetosyringone, induce the virulence (uir) operons on the Ti-plasmid, via an interaction with the products of virA and G (Okker et al., 1984; Stachel et al., 1985 Stachel8z Zambryski, 1986; Winans et al., 1986; Rogowsky et al., 1987) . The induced uir functions mediate T-DNA transfer to the plant cell; expression of the integrated T-DNA leads to proliferation of cells to form a crown gall tumour (Nester et al., 1984; Lichtenstein, 1986) . Ti-plasmid harbouring strains of A. tumefaciens are chemotactic towards uir-inducing phenolic compounds, such as acetosyringone (Ashby et al., 1987 . This response requires uirA and G and has a threshold of < lo-* M (Ashby et al., 1987) . This suggests that chemotaxis to uir-inducing wound exudates is responsible for attracting and guiding virulent A . tumefaciens towards susceptible cells (Shaw et al., 1986) .
Agrobacterium and Rhizobium exhibit similar motility patterns (Gotz & Schmitt, 1987; Loake et al., 1988) . Rhizobia are chemotactic to a variety of amino acids and sugars (Gotz et al., 1982; Gaworzewska & Carlile, 1982) . Moreover, attraction to a legume glycoprotein (Currier & Strobel, 1976 , 1977 , root exudates (Currier & Strobel, 1976; Gitte et al., 1978; Gaworzewska & Carlile, 1982) and localized sites upon legume roots (Gulash et al., 1984) has been reported for Rhizobium. Furthermore, motile strains of R . meliloti appear to have an advantage in nodule formation over non-motile mutants (Ames & Bergman, 1981) .
In view of the similarities between Agrobacterium and Rhizobium, we undertook an investigation of chemotaxis in Rhizobium leguminosarum biovar phaseoli.
M E T H O D S
Organism and growth. All experiments were done with R. leguminosarum biovar phaseoli RP8002, because in comparative experiments it was significantly more motile than three other biovars of R. leguminosarum (JIINT83K3, RL1040 and RL16015). Bacteria were grown either in Rhizobium Initiation Medium (RIM; 0.5% tryptone, 0.3% yeast extract, 0.13% CaC12) or Minimal A supplemented with glucose (MinA + G ; Miller, 1972) .
Periodically, a fresh isolate of motile bacteria was prepared from the stock culture by three passages through swarm plates (RIM solidified with 0.25% agar), selecting organisms from the perimeter of the swarm at each passage. Chemotactic responses of successive isolates were reproducible. Chemotaxis medium (CM ; Adler, 1973) was autoclaved and attractants were filter sterilized prior to use.
Chemotaxisassay. Capillary assays (Adler, 1973) were done in duplicate, using washed stationary phase cells at a culture density of approximately lo9 cells ml-*, as previously described (Ashby et al., 1987) . Bacteria from the exponential phase gave qualitatively similar, but quantitatively lower responses. Values presented represent the mean of duplicate assays done on at least two separate occasions. All values recorded fell within 20% of the mean.
Microscopy. Motility was observed at room temperature, using a Nikon Optiphot microscope with phasecontrast optics, and a Hitachi HV-720K CCTV camera. Behaviour and speed measurements were made during slow motion playback of recorded motility, using a Ferguson 3V23 video recorder and a Hitachi VM-920K video monitor.
Attractants. All sugars were obtained from Sigma, flavonoids from Apin Chemicals (Oxford, UK) and phenolic compounds from Aldrich. Phenolic compounds were solubilized by neutralization with KOH, and flavonoids in a 1 : 1 (v/v) mixture of acetonitrile and dimethylsulphoxide, neither of which are chemoattractants for R. leguminosarum biovar phaseoli.
R E S U L T S
Chemotaxis towards sugars A variety of mono-, di-and trisaccharides were tested as chemoattractants for R. leguminosarum biovarphaseoli using the capillary assay (Adler, 1973; Ashby et al., 1987) . Of the monosaccharides tested ( Fig. 1 ) only xylose evoked a chemotactic response, yielding a relatively broad peak with an apparent optimum of 1 0 -4~. No significant chemotaxis was recorded towards fructose, galactose or glucose. Sucrose (peak chemotaxis at M) and the trisaccharide raffinose (peak at M), evoked a significant response (Fig. 2 ) while a barely detectable response was produced by maltose.
Chemotaxis to wards phenolic compounds In view of our recent demonstration of the significance of chemotaxis of A . tumefaciens towards phenolic plant exudates (Ashby et al., 1987 Shaw et al., 1958) it was important to ascertain whether R. leguminosarum biovar phaseoli exhibited similar responses. All four compounds tested evoked some form of chemotactic response (Fig. 3) . Vanillyl alcohol and phydroxybenzoic acid (PHBA) both gave sharp peaks at M, 3,4-dihydroxybenzoic acid (DHBA) resulted in a broad peak with an apparent maximum at M, and acetosyringone evoked a response which increased towards M. Solubility problems above that concentration prevented a proper peak from being observed. These results are at considerable variance to those recorded for A . tumefaciens (see Discussion). It is of interest to note that acetosyringone is an inhibitor of nod-induction in R. leguminosarurn (Firmin et al., 1986) . (Fig. 4) . In contrast, naringenin, a nod-inducer for R. leguminosarum and R . trfolii (Zaat et al., 1987; Djordjevic et al., 1987) evoked a very weak response. Intriguingly, umbelliferone, which has been reported to be an inhibitor of nod-induction in R. trfolii (Djordjevic et al., 1987), acted as a strong chemoattractant for R . leguminosarum biovar phaseoli, exhibiting a peak at As apigenin and luteolin are structurally similar, competition experiments were done to ascertain whether they share a receptor (Table 1) . At M both flavonoids evoked a strong chemotactic response, which was marginally improved when the two compounds were used together as attractant. This response was slightly attenuated by the inclusion, in the bacterial pool, of lod4 M-apigenin. However, when M-luteolin was included in the bacterial pool, chemotaxis towards the apigenin/luteolin mixture dropped below the level of detection. These results indicate that saturation with luteolin blocks chemotaxis towards apigenin, but apigenin at saturation only partially impedes chemotaxis towards luteolin. This suggests that there exist in R. leguminosarum biovar phaseoli two separate receptor/binding sites for luteolin, one of which also recognizes apigenin.
M.

DISCUSSION
This paper is the first survey of chemotaxis in Rhizobium leguminosarum biovar phaseoli, and illustrates the significant differences between Rhizobia. The response of R. leguminosarum biovar phaseoli towards carbohydrates is almost completely different to the recorded behaviour of other biovars of R. leguminosarum, meliloti and lupini (Gotz et al., 1982; Gaworzewska & Carlile, 1982) . Xylose is also an attractant for R . leguminosarum, and glucose fails to attract R. meliloti, but all other responses of R . leguminosarum biovar phaseoli are distinct. What is also distinct about the R. leguminosarum biovar phaseoli responses is their greater sensitivity than in other Rhizobia (Gotz et al., 1982; Gaworzewska & Carlile, 1982) . Sucrose, for example, produces a peak response at M, reminiscent of the behaviour of A . tumefaciens . It is quite intriguing that R. leguminosarum biovar phaseoli is not chemotactic towards some sugars (glucose, fructose and maltose) which are major constituents of legume root exudates (Gaworzewska & Carlile, 1982) but is attracted towards other important components of these exudates (xylose, sucrose and raffinose).
Chemotaxis towards flavonoids and phenolic compounds is particularly interesting. The responses towards phenolic compounds are significantly different to those of A . tumefaciens (Ashby et af., 1987 (Ashby et af., , 1988 . PHBA and DHBA are both chemoattractants for A . tumefaciens (Ashby et al., 1988) , non-inducers of the nod genes, and degradation products of flavones (Djordjevic et al., 1987) . A . tumefaciens is also chemotactic to non-vir-inducing phenolic compounds such as vanillyl alcohol (Ashby et af., 1987) . Non-inducing attractants, such as sugars and some phenolic compounds, may thus serve to guide Agrobacterium and Rhizobium to the vicinity of plant roots.
Both apigenin and luteolin are strong chemoattractants for R. leguminosarum biovar phaseoli, and nod-inducers for R. meliloti, R. leguminosarum biovar viciae and R. trifolii (Peters et al., 1986; Firmin et al., 1986; Zaat et al., 1987 ; Djordjevic et al., 1987) . The chemotactic response is highly sensitive, and within the same concentration range as that evoking maximal nod-induction in R. trifolii (Djordjevic et al., 1987) . Intriguingly, naringenin, closely related and also a nod-inducer for R. leguminosarum biovar viciae and R. trifolii (Zaat et al., 1987 ; Djordjevic et al., 1987) failed to elicit a significant chemotactic response. These responses may play a role in the determination of rhizobial host range. It has recently been demonstrated that apigenin and naringenin, but not luteolin, are good nod-inducers in R . leguminosarum biovarphaseoli (Carmen Quinto, personal communication). Thus, OUT results indicate that chemotaxis and nod-induction do not necessarily correlate. A similar conundrum is observed in R . meliloti, where some nodinducers, such as luteolin, do act as chemoattractants, but others, such as apigenin and naringenin, do not, and indeed the latter suppresses chemotaxis towards luteolin (CaetanoAnolles et al., 1988). As legume root exudates are complex in composition (Gitte et al., 1978; Gaworzewska & Carlile, 1982; Redmond et al., 1986; Firmin et al., 1986; Djordjevic et al., 1987) the different spectra of compounds triggering chemotaxis and nod-induction may be part of an interaction which is significant in host range determination in Rhizobium.
The exaggerated response to high concentrations of acetosyringone and umbelliferone, both of which have been reported to be inhibitors of nod-induction (Firmin et al., 1986; Djordjevic et al., 1987) is intriguing. Djordjevic et al. (1987) proposed that the secretion of umbelliferone at or near the root tip in clover would prevent nodule initiation in this vicinity. However, it seems unlikely that the concentrations of these inhibitors required to evoke peak chemotactic responses in R. legumiposarum biovar phaseoli (1 0-* to 1 0-3 M) would ever be encountered in the rhizosphere. Secretion of different attractants from distinct root zones could explain the attraction of R. meliloti to localized sites on legume roots (Gulash et al., 1984) . This paper presents evidence suggestive of an involvement of chemotaxis towards flavonoids in the initiation of legume root nodules by rhizobia. Moreover, as different flavonoids evoke widely differing responses, there is a possibility that the specificity of chemotaxis is involved in the determination of rhizobial host range. In A. tumefaciens a similar relationship exists, and the same genetic loci are involved in acetosyringone mediated chemotaxis and uir-induction. It will therefore be of interest to elucidate the genetic basis of chemotaxis in R . leguminosarum biovar phaseoli.
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